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γ-strength function essentially distinguishes the reaction mechanisms of charged particle inelastic
and neutron capture reactions, reflecting from the ratios of transition of neutron capture to low-
lying states. The extraordinary quenching of γ0 transition of p-wave neutron resonance reaction
in 3s-region nucleus 57Fe is observed, for the first time, due to the non-forming 2p-1h doorway
state activation which raises the strong intensities of γ1 and γ2. The enhancement of low energy
γ-strength function doesn′t emerge in the neutron capture reaction resulting from the population of
cascade transitions of low-lying states rather than primary transitions. The astrophysical reaction
rates that are extracted from total and partial neutron capture cross sections of 57Fe might be
adopted to constrain the abundance of the successive heavier isotopes in s-process.
The compound nucleus mechanism, characterized by
statistical quantities of level density and γ-strength func-
tion, is dominant in the neutron capture process up to in-
cident neutron energy of several MeV. The resonance re-
gions at low neutron energies, however, show the obvious
non-statistical processes, such as potential, valence cap-
ture as well as doorway states. The intermediate struc-
ture with 2p-1h configuration in doorway states might
result in the quenching of the E1 dipole strength [1].
In the neutron resonance region three main non-
statistical effects are present, they are the non-constant
behavior of the neutron strength function, the anoma-
lous bump at Eγ ≈ 5.5 MeV in the capture γ-ray spec-
trum due to the pygmy resonance with an origin from
electric transition [2], and the behavior of total radia-
tive widths [3]. The neutron strengths for s-wave res-
onances as a function of the nucleus mass number A
have peaks emerging at A=55 and A=150, however, non-
enhancement arise for p-wave neutron resonance in these
mass region. These peaked s-wave neutron strength mass
regions corresponding to nuclei where the 3s and 4s states
are slightly unbound, are normally called 3s and 4s re-
gion. The pygmy resonance originates from electric tran-
sition. It was declared that the spectra of high energy
γ-rays in nuclei in the 3s region, manifested a higher radi-
ation as should be accounted for by an E3γ energy depen-
dence for the transition probability and an exponential
level-density energy dependence, which are assumed in
the statistical model. As the partial reduced widths fol-
low the Porter-Thomas distribution, the total radiative
widths are expected to have a very narrow distribution.
However, Cameron [3] fitting the total radiation widths
for all nuclei, taking into account level-density effects,
found a small residual variation with A. A more pro-
nounced peak was noticed in the mass region between
A=145 and 275, which coincides with 4s region. In addi-
tion, fluctuations in the total radiative cross-sections for
different resonances were frequently found to be quite
large, indicating that the number of degrees of freedom
was less than expected by the statistical model. There-
fore, the mass regions where non-statistical effects are
more pronounced are 3s and 4s regions.
A comprehensive theoretical framework of the neu-
tron capture process was developed, where the statistical
model was associated to single or semi-collective inter-
actions to account for non-statistical experimental evi-
dences. Lane and Lynn [4] first identified three main
components of contributions to the capture process: the
compound nucleus (or resonance internal), channel(or
resonance external) and direct capture (hard sphere po-
tential and distant resonance). Subsequent developments
included the possibility of a semi-direct capture in the gi-
ant dipole resonance in order to interpret the observed
discrepancies at high incident neutron energies (above
5 MeV) [5]. All the neutron capture processes are pre-
sented and classified into a non-resonant and a resonant
contribution [6]. In the resonance contribution, the chan-
nel capture has been split into its valence and doorway
parts. The valence capture achieves preferentially single
particle final states where the valence neutron can main-
tain a radiative transition without perturbing the core.
In the doorway capture only, a two-particle one-hole (2p-
1h) configuration is formed, the radiative decay can be
generated either by the neutron transition in the excited
nucleus or by a particle-hole annihilation. When the in-
cident particle undergoes many interactions and a large
number of particle-hole configurations are produced, the
statistical model must be utilized to take into account
the intrinsic pattern.
As regards the γ-strength function, a great of efforts
ar
X
iv
:1
90
9.
05
05
7v
1 
 [n
uc
l-e
x]
  1
1 S
ep
 20
19
2have been made to insight into the intrinsic sense from
various formulations. A model-independent approach re-
flecting γ-strength function was imperatively carried out
[7]. The ratio of photon strength function with two differ-
ent primary transitions from the same initial excitation
energy Ei to discrete low-lying levels of the spin and par-
ity at energies EL1 and EL2, is formulated as,
R =
f(Ei − EL1)
f(Ei − EL2) =
NL1(Ei)(Ei − EL2)3
NL2(Ei)(Ei − EL1)3 , (1)
where NL1(Ei) and NL2(Ei) is the intensities of pri-
mary transitions from the neutron capture state to the
low-lying states, their transition energies are equal to
Ei − EL1 and Ei − EL2. In this letter, it is noticed
that the ratio R have a pronounced enhancement at the
only p-wave neutron resonance with respect to the almost
uniformed distribution of the mixed neutron resonances
(narrow p-wave resonances superpose on a wide s-wave
resonance) in the 3s-region nucleus of 57Fe. This en-
hancement probably originates from the doorway mech-
anism formed by capture-neutron coupling to the core-
neutron p-h configuration, dominated by strong E1 tran-
sitions of γ1 and γ2. However, the γ0 transition seems
tremendously suppressed due to none of the formation of
doorway mechanism for the induction of p-wave neutron
resonance.
The measurement was carried out at the 3 MV Pel-
letron in the Tokyo Institute of Technology [8]. Proton
beam with energy of 1.903 MeV hitting on 7Li target,
which was made by evaporating metallic lithium on a
copper disk, produced 2-90 keV continue neutrons. The
shape of this continuum neutron spectrum is much close
to the distribution of Maxwellian-Boltzmann [8]. Hence
this neutron generator can give a realistic condition of
the astrophysical environment of slow neutron-capture
(s-) process. The nuclear reaction rate close to the re-
ality could be constrained from the experimental total
and partial neutron capture cross sections. The energy
of incident neutrons on a 57Fe enriched sample with a
thickness of 0.373 mm was measured by means of the
time-of-flight (TOF) method with a mini 6Li-glass scin-
tillation detector located 30 cm from the neutron target.
A large anti-Compton spectrometer [8] consisting of a
central main NaI(Tl) detector with a 15.2 cm diameter
by 30.5 cm and a circular arrangement of NaI(Tl) detec-
tors with a 33.0 cm outer diameter by 35.6 cm was used
for detecting γ-rays from neutron capture reaction. A low
peak-efficiency less than 3.5% can essure to access only
one γ-ray in each cascade decay. A good signal-to-noise
ratio was obtained due to the powerful shield composed
of borated paraffin, borated polyethylene, cadmium, and
potassium free lead, besides, a 6LiH cylinder which ab-
sorbed effectively the neutrons scattered by the sample
was added in the collimator of the spectrometer shield-
ing shell. The spectrometer was placed at an angle of
125◦ with respect to the proton beam direction by kine-
matics, because the second Legendre polynomial is zero
at this angle, the differential measurement at this an-
gle gave approximately the integrated γ-ray spectrum for
the dipole transition. The distance between the center of
neutron capture sample and the front surface center of
main NaI(Tl) detector is fixed to be 78.5 cm.
The neutron capture cross-sections of certain range (i)
of neutron energy are extracted from the capture yield
(Yi), the sample thickness (n), the number of incident
neutron on sample (φFe) that are deduced from the rel-
ative measurement of φAu for the standard Au sample
normalized by neutron monitor (M). Yi is equal to the
ratio of weighted γ-spectrum area (
∑
IW (I)Si(I)) to the
neutron binding energy including the averaged neuron
energy (Bn+ < En >) [9].
< σ >Fei =
Yi,Fe
Ci,FenFeφFe
=
Ci,Au
Ci,Fe
· nAu
nFe
· MAu
MFe
· Bn,Au+ < En,Au >
Bn,Fe+ < En,Fe >
·
∑
IW (I)Si,Fe(I)∑
IW (I)Si,Au(I)
· < σ >i,Au,
(2)
Where Ci are correction factors including the effects of
neutron multiple-scattering and self-shielding, γ-ray ab-
sorption and scattering in sample, the angle distribution
of neutron flux.
Since the number and individual energies of emitted
γ-rays are different for the cascade mode by mode, the
efficiency for detecting capture events depends on decay
modes. The pulse height weighting method was used to
obtain the detection efficiency that is proportional to the
energy dissipated in the detector. The net γ-ray spectra
were extracted by subtracting the background spectrum
normalized with the digital gate widths of the foreground
spectrum. The unfolded net γ-ray spectrum via the re-
sponse function matrix of the spectrometer is shown in
Fig. 1, where the strong primary transitions from the
neutron capture states to the ground state (Ex = 0 MeV,
Jpi = 0+GS), the first excited state (0.811 MeV, 2
+
1 ) and
the second excited state (1.675 MeV, 2+2 ) are observed
around 10.09, 9.28, and 8.42 MeV, respectively. The ob-
vious peaks around 0.8 and 1.7 MeV are produced mainly
due to the cascade transitions from the first (2+1 ) and the
second excited state (2+2 ) to the ground state (0
+
GS).
The intensity of primary transition is proportion to the
γ-strength function of f(Ei−ELj), the transition energy
of (Ei − ELj)3 as well as
∑
Jpi σJpi(Ei) that is the cross
section for populating the levels with the given spin and
parity at excitation energy Ei [7]. The mostly populated
neutron capture state of 1− for 58Fe is created when inci-
dent s-wave neutron with single Fermi particle state cou-
ples to the low-lying states of 57Fe. Since σ1−(Ei) keeps
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FIG. 1. The unfolded net γ-ray spectra of 57Fe(n,γ)58Fe for:
(a)<En> = 21.56 keV, (b)<En> = 17.59 keV.
as a constant for different modes of γ-ray decay cascade
with the dominate E1 transitions. Therefore, the ratio
of γ-strength function R in Equ. (1) can be extracted
from the intensities and energies of primary transitions
from neutron capture state to the low-lying states with
certain spin and parity. It is essentially significant to in-
vestigate the intrinsic characteristics of γ-transitions for
s- and p-wave neutron, especially for the primary tran-
sitions from a common initial state to final states with
the same spin and parity. Fig. 2 shows the distributions
of R2+1 /0
+
GS
, R2+2 /0
+
GS
and R2+1 /2
+
2
depending on neutron
resonance energy reflecting s- and p- wave neutrons re-
markable coupling feature. A distinguish enhancement
in R2+1 /0
+
GS
for p-wave resonance is exhibited compara-
tively with the slightly varied amplitude of the s and
p-wave superimposing resonances. R2+2 /0
+
GS
displays a
similar behavior as that of R2+1 /0
+
GS
, but with a slightly
weaker strength. The higher ratio of p-wave with respect
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FIG. 2. The distributions of ratio of the primary transition
intensities : (a) R
2+1 /0
+
GS
, (b) R
2+2 /0
+
GS
and (c) R
2+1 /2
+
2
de-
pending on neutron resonance energies.
to s-wave in R2+1 /2
+
2
distribution indicates the γ-strength
function from the initial capture state induced by p-wave
neutron are much changeable than that of s-wave neutron
to the low-lying states with the same spin and parity.
Neutron capture resonance initial and final states can
be represented as single neutron states coupled to the
target ground state as well as quadrupole and octupole
excitations. These collective states are coherent super-
positions of 2p-1h qusiparticle states [10, 11]. If certain
p-h configurations are dominant, they may occur with
unperturbed energies much greater than those of the col-
lective states [10, 11]. In 3s-region possible 2p-1h config-
urations which can decay by E1 annihilation are (2p1/2;
2s−11/2), (2p1/2; 1d
−1
3/2), (1f5/2; 1d
−1
3/2) neutron particle-hole
pairs coupled to the 2p1/2, 2p3/2 or 1f5/2 neutron orbit.
The energies of p-h components are 8-10 MeV accord-
ing to the neutron binding energies of each level, which
are exactly consistent with the observed γ-ray energies
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FIG. 3. The configurations of doorway states correspond to
the primary transitions of: (a) 1−CS → 0+, (b) 1−CS → 2+1 , (c)
1−CS → 2+2 in 58Fe.
of primary transitions (Eγ0 = 10.09 MeV),(Eγ1 = 9.28
MeV) and (Eγ3 = 8.42 MeV) in
57Fe(n, γ)58Fe reaction.
If the annihilation energy of paired neutron-hole for the
2p-1h configuration is comparable to the observed γ-ray
energies, the corresponding doorway states are expected
to be strongest.
The configurations of doorway states correspond to
the primary transitions of 1−CS → 2+1 , 1−CS → 2+2 in
58Fe are neutron (2p33/2, 1f
2
5/2, 2s
−1
1/2) and (2p
3
3/2, 2p
2
1/2,
1d−13/2), respectively, as shown in Fig. 3, where 1
−
CS is the
s-wave neutron initially capture state. Several narrow
p-wave resonances superpose on the wide s-wave reso-
nance, therefore s+p wave is used to distinguish the in-
dependent p-wave resonance in Fig. 2. The remarkable
enhancement of R2+1 /0
+
GS
and R2+2 /0
+
GS
for p-wave neu-
tron resonance essentially result from the quenching of
the intensity of γ0(1
+
CS → 0+GS) which is caused by the
non-doorway excitation mechanism due to the capture-
neutron filling in 2p3/2 to produce the full sub-shell
and non-coupling with the neutron p-h pair of (2p1/2,
2s−11/2). On the other hand, the transition intensity of
γ0(1
+
CS → 0+GS) for p-wave neutron is weaker than that
of γ0(1
−
CS → 0+GS) for s-wave neutron due to the low ra-
tio of magnetic to electric dipole transition probability of
λ(M1):λ(E1). Since M1 transitions will be hindered with
respect to E1 transitions, the E
(2l+1)
γ energy dependence
will result in the significant difference between the s-
and p- wave total radiative widths, also the difference in
strength. The averaged width of <Γγ(s)> ∼ 3<Γγ(p)>
was found in the 3s region [10, 11], where there are cor-
relations between the reduced neutron widths and ra-
diative widths of s-wave resonance. The doorway exci-
tation mechanism with neutron 2p-1h configurations in
γ1(1
−
CS → 2+1 ) and γ2(1−CS → 2+2 ) cause the strong tran-
sitions and high intensities to populate the final states of
2+1 and 2
+
2 . The transitions of 2
+
1 → 0+GS and 2+2 → 0+GS
in cascade decays are interpreted by the capture-neutron
jumping from 1f5/2 and 2p1/2 to 2p3/2 forming full 2p3/2
sub-shell.
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FIG. 4. The experimental partial cross sections to the three
lowest 0+(CS→GS) and 2+ (CS→1st ex. and 2nd ex.) are
compared to the calculation using the statistical model code
TALYS [16].
Studies of γ-strength function mostly rely on a great
deal of data accumulated in neutron capture reaction [7],
from photon scattering facilities. In addition, charge par-
ticles induced (3He, 3Heγ) and (3He, αγ) reactions were
utilized to determined γ-strength function at low γ-ray
energies [12, 13], where the pronounced enhancement of
γ-strength function below 3 MeV was observed due to
the increase of B(M1) strength of low energy M1 transi-
tions. This consequence was confirmed by (d, p) reaction
on 95Mo target [7]. The enhancement strangely, how-
ever, didn′t present in neutron capture experiments [14,
15]. This inconsistency highly motivates the studies of
the reaction mechanism from γ-strength function of neu-
tron capture at neutron energy of keV region where the
non-statistical and statistical processes are successively
covered. From the doorway mechanism point of view,
neutron capture reaction in keV region is dominated by
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FIG. 5. The experimental total cross sections are compared
to the calculation using the statistical model code TALYS [16]
2p-1h excitation, where the γ-rays are emitted mostly by
the annihilation of neutron particle-hole pair with Eγ ∼
8-10 MeV. The core excitation results in the continuum
region from the intermediate γ-ray energies in the spec-
trum of Fig. 1. However, the low-energy γ-rays mostly
come from the cascade decay of low-lying states, rather
than from the primary transition to the high-lying state.
It is distinct that in the inelastic charge particle induced
reaction (3He, 3Heγ) where the primary M1 transitions
with Eγ<3 MeV can be populated to a great extent.
The experimental total and partial cross sections to
the three lowest 0+(CS→GS) and 2+ (CS→1st ex. and
2nd ex.) are compared to the calculation using the sta-
tistical model code TALYS [16], as shown in Fig. 4 and
Fig. 5. The microscopic level densities of temperature
dependent Hartree-Fock-Bogoliubov with Gogny force,
and E1 strength function from the Hartree-Fock-BCS
with a scaling factor equal to 0.85, and the active JLM
neutron potential are adopted in the calculations. The
E1 strength function and level density of 57Fe has re-
cently been extracted from previous measurements [13,
17, 18, 19]. According to the Brink-Axel hypothesis, this
γ-strength function should result in a consistent descrip-
tion compared to the experimental partial cross sections,
when it is utilized as an input for TALYS. However,
the non-ignorable discrepancies emerged between calcu-
lations and experimental data when it combined to other
nuclear ingredients in the model. The partial cross sec-
tions calculated using level densities of temperature de-
pendent Hartree-Fock-Bogoliubov and strength function
from the Hartree-Fock-BCS show in general a similar be-
havior. The calculation for total cross section exhibits a
perfect consistency with experimental data.
Most of the heavier elements beyond iron and nickel
were created in the slow neutron capture process (s-
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FIG. 6. The astrophysical reaction rates are compared to
the calculation in BRUSLIB [23]
process) in stars. s-process occurs at moderate neutron
densities around 108 cm−3, where neutron captures and
subsequent radioactive β-decays come into being the iso-
topes along the line of stability. The weak component of
s-process is responsible for forming the abundances be-
tween Fe and Sr, and takes place in massive stars (M
> 8-10 M⊙) which later explode as core collapse super-
novae [20]. The weak s-process is first activated as the
end of He core burning at temperatures around 0.3 GK
(109 Kelvin), and later during C shell burning at tem-
peratures around 1 GK, where neutrons are produced by
22Ne(α, n) reactions. The cross section of a single isotope
can affect the abundances for a number of successively
heavier isotopes. It was found that this effect is espe-
cially distinct in the mass region of the weak component
of the s-process [20].
The Maxwellian-averaged neutron capture cross sec-
tion for temperature T is given by [21]
< σv >kT
vT
=
2√
pi
1
(kT )2
∫ ∞
0
Ec.m.σexp(
−Ec.m.
kT
)dEc.m.,
(3)
where k is Boltzmann′s constant, vT = (2kT/µ)1/2
and µ is the reduced mass in the entrance channel, Ec.m.
is the center-of-mass energy of neutron. The reaction
rate NA<σv> is obtained with the unit of cm
3 sec−1
mole−1 in Fig. 6, where NA is Avogadro′s number. The
thermal neutron and higher energy neutron capture cross
sections in the previous measurements [22] are adopted
together with the present data for the above folding inte-
gration. The reaction rate are compared to the calcula-
tion in BRUSLIB [23], Larger deviation of reaction rates
with respect to the calculation is found by factors from
two to three in the low temperature region with T9<
60.8 GK, however, a good agreement is obtained nearby
T9 = 1 GK. The reflection point showing in the calcu-
lation doesn′t emerge in the high temperature region,
but decrease with a smooth tendency. The astrophysical
reaction rates that are extracted from total and partial
neutron capture cross sections of 57Fe might be adopted
to constrain the abundance of the successive heavier iso-
topes in s-process.
In summary, γ-strength functions of γ0, γ1 and γ2 of
the 57Fe(n, γ)58Fe reaction were studied by the ratio
of transition intensities via in-beam γ-ray spectroscopy.
The quenching of transition intensity of γ0 of p-wave neu-
tron resonance is observed with respect to the high in-
tensities of γ1 and γ2 due to the effect of doorway mech-
anism. The enhancement of low energy γ-strength func-
tion does′n emerge in the neutron capture reaction re-
sulting from the population of cascade transitions of low-
lying states rather than primary transitions. Total and
partial cross section are extracted in the measurement,
and compared with statistical model TALYS of Hauser-
Feshbach calculation, a general consistence is obtained.
The astrophysical reaction rate deduced from total cross
section deviate from results of BRUSLIB library by fac-
tors from two to three in the low temperature region,
however, have good consistency nearby T9 = 1 GK, which
would be an important ingredient for the calculations in
nuclear astrophysics.
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